Metallic and Insulating behaviour in p-SiGe 
at u = 3/2 
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Shubnikov-de Haas data is presented for a p-SiGe sample exhibiting strongly insulating behaviour 
at u = 3/2. In addition to the fixed points defining a high field metal- insulator transition into this 
phase separate fixed points can also be identified for the v — 3 2 and 2 — > f Integer quantum Hall 
transitions. Another feature of the data, that the Hall resistivity approaches zero in the insulating 
phase, indicates it is not a re-entrant Hall insulator. The behaviour is explained in terms of the 
strong exchange interactions. At integer filling factors these cause the j and f J, Landau levels 
to cross and be well separated but at non-integer values of f screening reduces exchange effects 
and causes the levels to stick together. It is suggested the insulating behaviour, and high field 
metal/insulator transition, is a consequence of the strong exchange interactions. 

PACS numbers: 



I. INTRODUCTION 

The appearance, in p-SiGe, of insulating behaviour be- 
tween filling factors v — 1 and 2 has been known for sev- 
eral years [Q, ^, ||, ^, ^. Although not always present 
it has been observed by several groups in samples from 
more than one source. Similar behaviour has also been 
seen recently Q near filling factors 5/2 and 4. 

There is, as yet, no generally accepted explanation for 
this phenomenon. Two possibilities are that the insulat- 
ing phase (IP) might be attributed to a premature and 
re-entrant Hall insulating state Q or that it results from 
a combination of the unusual ordering of the Landau lev- 
els and a long-range modulation of the potential |^ . An 
alternative suggestion |4j is that the IP appears when the 
large, exchange enhanced, Zeeman splitting causes adja- 
cent Landau levels to cross and could be associated with 
an unusual spin texture or domain structure. Results are 
presented here to support this view. It is shown (a) that 
the behaviour of the Hall resistivity in the IP is not con- 
sistent with a Hall insulating state and (b) that although 
no exotic spin texture states are expected at = 2 
this is not necessarily the case for non-integer filling fac- 
tors, particularly when disorder and screening are taken 
into account. 



II. EXPERIMENT 

Figure 1 shows details of the temperature dependence 
of the Shubnikov-de Haas (SdH) oscillations in a p-SiGe 
sample with a density of 1.7 x 10 ^^m~^ and mobility of 
1.65 m^(Vs)~^. The IP which appears aXv — 3/2 is char- 
acterised by fixed points with p^x ~ h/e^ (see also figure 
2a) . They indicate a metal-insulator transition with scal- 
ing behaviour similar to that observed for transitions 
into the high field {v > 1) Hall insulating state. Separate, 
well defined, fixed points associated with Integer Quan- 



tum Hall Effect (IQHE) transitions can also be observed. 
These are shifted somewhat from the expected magnetic 
fields but the critical values (in units of e'^/h) of a^^ = 
0.65 and a^y — 2.7 for the 3^2 transition and a^^ 
= 0.59, a^y = 1.6 for the 2^1 transition, are close to 
the expected values of (0.5,2.5) and (0.5,1.5) respectively. 
Near B = 3 tesla the increase of pxx with temperature 
is metallic-like, mirroring the behaviour around 4 tesla. 
This is interpreted as the precursor to another IP which 
is suppressed by the onset of the i' = 2 IQHE plateau be- 
fore becoming fully developed. (In a lower density sample 
this peak becomes fully insulating ||]). 

A feature of the data is the behaviour of Pxy through 
the IP. This is not an easy measurement, because 
any sample inhomogeneity produces spurious pxx terms 
which can be an order of magnitude larger than the gen- 
uine signal, but when these are removed by averaging 
data with normal and reversed magnetic fields, it can be 
seen that the Hall resistance tends to vanish as the insu- 
lating behaviour strengthens. This is a general feature of 
the IP: figure 2b shows measurements in a slightly lower 
density sample and similar trends can also be identified 
in other data in the literature ||. 

A vanishing Hall resistance is incompatible with the 
i/= 3/2 IP being a re-entrant Hall insulating state. The 
Hall insulator |10| appears when the Fermi energy lies 
in the last Landau level: in the IQHE regime it is char- 
acterised by a Hall conductance that vanishes as a^^ so 
the Hall resistivity remains approximately quantised at 
/i/e^, in the fractional QHE regime it increases approx- 
imately as B/usC (where n^ is the density) with FQHE 
plateaus appearing over limited field ranges. The van- 
ishing of Pxy therefore indicates the insulating phase is 
neither an IQHE nor a FQHE Hall insulator. 

Coulomb interaction and exchange effects are large in 
these p-SiGe samples. For example, for that shown in 
figure 1, at 1^—2, the exchange energy [(7r/2)^/^(e^/K/m) 
where Im is the magnetic length] is lOmeV, approxi- 
mately five times larger than the cyclotron energy {fkUc) 
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of 1.9 meV. The (bare) spin splitting in p- SiGe is rela- 
tively large, of order huJc/'2., and is suficiently enhanced 
by exchange that the t and 1 J, Landau levels cross 
and the system becomes ferromagnetically polarised at 
v=2 (see figure 3). Activation measurements in other 
p-SiGe samples y confirm this is so. At integer filling 
factors, when the Fermi energy lies in localised states be- 
tween Landau levels, screening is unimportant, but for 
non-integer filling factors, when the density of extended 
states at the Fermi energy is large, it can significantly 
reduce the exchange enhancement of the spin splitting. 
A model calculation is presented that explores this situ- 
ation. 



III. MODEL CALCULATION 

The calculation uses the formalism given by Yarla- 
gadda with the screening of the bare coulomb po- 
tential (T^) given by 

e(g) = i + -K,(dJ + Di + n™*^''") (1) 

where D'^ is the density of states at the Fermi level of 
the Na Landau level and n™*'^''^^ is an inter-Landau 
level term. For any significant density of states at the 
Fermi energy this last term is relatively small and will be 
ignored. The separation of the 1 [ and t Landau levels 
is then given by 

q 

where 

Ee. {q) = ^ (JlA ~ JiA - J>o) (3) 

with JNuiqlm) the coupling between the N and M Lan- 
dau levels and nj etc partial filling factors. One can also 
calculate the total (Hartree Fock) energy of the system 
(E^^) as the integral over occupied states of Eke — ^E^x 
where Eke is the kinetic energy. 

Realistic parameters for the sample shown in figure 
1 were used: an effective mass of 0.2me, a bare Zee- 
man splitting of 0.65 hwc and a (Gaussian) Landau level 
broadening given, according to the self consistent Born 
approximation, by {eh'^uJc/'^'TTm* iiqY^^ where the (mea- 
sured) quantum mobility /ig is 1.7m^(Vs)^^. 

Figure 4 shows the separation between the sj and 
Sj Landau levels as a function of nj, determined (a) 
from eqns. 2 and 3 and (b) from the constraint that 
tiq + nl + n[ = ly. It is assumed the lowest, 0^, level al- 
ways remains full. Valid solutions occur at the intersec- 
tion of these two curves. At r/=2, the calculation without 
screening (see figure 4a) shows an unstable, degenerate 
solution and two stable solutions corresponding to either 



a ferromagnetic or paramagnetic ordering of the Landau 
levels (the former with the lowest energy). This essen- 
tially reproduces the result of Giuliani and Quinn Q who 
also showed that for non-degenerate Landau levels one of 
these stable solutions will pre-empt any spin-density-like 
state. 

When screening is included the ferromagnetic configu- 
ration becomes even more strongly favoured but the other 
solutions are significantly altered, in particular the para- 
magnetic solution now involves degenerate Landau levels 
and there is an increase in the total energy. When the 
filling factor moves away from two more significant dif- 
ferences appear (see figure 4b). The density of states 
at the Fermi energy is always non-zero, screening be- 
comes important and the exchange enhancement of the 
spin splitting is reduced. Under these conditions only 
one, degenerate, solution remains and the ferromagneti- 
cally polarised state can no longer exist. 

Figure 5 shows the Landau level separation as a func- 
tion of filling factor. The ferromagnetically polarised 
state appears only at integer filling factors, when the 
screening is small. Elsewhere, the levels stay close to- 
gether and are degenerate with a predominantly para- 
magnetic alignment. The transition into the ferromag- 
netically polarised state is sharp near 1^=2 but much 
smoother near iy= 1 and 3. 



IV. DISCUSSION 

The model calculation can explain the existence of 
both a high field metal/insulator transition and sepa- 
rate, well defined, IQHE transitions. Near integer filling 
factors, the exchange interaction ensures the Landau lev- 
els are well separated and the IQHE transitions can then 
occur in the tail of an isolated Landau level. Away from 
integer filling factors, screening means the Landau levels 
overlap which correlates with the appearance of the insu- 
lating (or metallic) behaviour. Separate metal/insulator 
and IQHE transitions occur because the Landau levels re- 
align as the filling factor changes. In some circumstances, 
for example in lower mobility samples or at higher tem- 
peratures, this realignment may not occur and the high 
field IP and IQHE transitions will then merge and no 
longer be distinguishable. 

Away from integer filling factors the only allowed so- 
lution corresponds to degenerate Landau levels (at least 
for a homogeneous system). Although the Hartree- Fock 
energy in figure 4b appears relatively flat as a function 
of the relative populations of the two levels, a detailed 
examination shows there could be a small lowering of 
the energy if the system were to break up into domains. 
While the exact nature of such a state (or some other kind 
of spin texture) is uncertain such a mechanism would ap- 
pear to be a candidate for the cause of the insulating 
behaviour. 

In high mobility, GaAs based, 2DEG samples, coulomb 
interaction effects manifest themselves as fractional 
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quantum Hall effect features. Because of the difference 
in effective masses (0.2TOe compared with 0.067me) and 
the ratio of the transport to quantum lifetimes (approxi- 
mately one in p-SiGe compared with 20 or so in n-GaAs 
2DEGs) the Landau level broadening in the p-SiGc sam- 
ple investigated here is very similiar to that of a GaAs 
based 2DEG with a mobility of over 200 m2(Vs)-i. The 
exchange energy depends only on magnetic field so the 
absence of fractional quantum Hall features is a little 
puzzling. The essential difference is that in n-GaAs het- 
erostructures higher Landau levels are well removed in 
energy, typically by several times the interaction energy, 
whereas in p-SiGe there are two degenerate Landau levels 
at the Fermi energy. This is consistent with the insulat- 
ing phase (and associated high field metal-insulator tran- 
sition) being a direct consequence of strong exchange in- 
teractions in degenerate Landau levels suppressing more 
usual FQHE behaviour. 

The model calculation does not include a number of 
factors such as: the finite thickness of the hole gas, cor- 
relation effects, the existence of a mobility edge and the 
contribution of inter-Landau level screening but the re- 
sult, that screening causes the Landau levels to stick to- 
gether, is robust. A negative feed-back mechanism (re- 
lating the exchange splitting of the Landau levels to the 
screening) ensures that the separation of the levels is 
small and relatively independent of exact values of the 
parameters, provided only that the unscreened exchange 
energy is large compared with the bare separation and 
that screening significantly reduces this exchange energy. 

In electron systems Landau level crossings occur and 
can be tuned with parallel magnetic fields [|2| . They are 
identified by 'spikes' in the Shubnikov-de Haas data with, 
in some cases, hysteresis. This is interpreted in terms of 
domain formation in these quantum Hall Ising ferromag- 
nets. The question of spin textures in such systems has 
recently been studied theoretically by Brey and Tejedor 



[ |l3[ . They find that a spin-orbit interaction, which di- 
rectly couples the t and 1 J, states, provides a means of 
producing a gap in the energy spectrum of the charged 
excitations that cross domain walls. It is therefore inter- 
esting to note that in p-SiGe, where strain separates the 
two degenerate heavy-hole states at the Brillouin zone 
centre, there is a large spin-orbit coupling with the holes 
having almost pure | Mj \ =3/2 character. However, 
it should be also noted these systems are not necessarily 
directly equivalent to that discussed here which often in- 
volve relatively weakly coupled 2DEGs, either in a rather 
wide single quantum well or in two wells separated by a 
barrier. 



V. CONCLUSION 

Fixed points defining both IQHE transitions and a 
high field insulating phase can be separately identified 
in Shubnikov-de Haas measurements in a p-SiGe sample. 
Further, it is found that the Hall resistivity in the IP 
tends towards zero as the temperature is lowered, which 
implies the IP is not a re-entrant Hall insulator. 

A model calculation is presented which explains these 
two types of behaviour in terms of the large exchange 
interaction which is screened when the Fermi energy lies 
within a Landau level but not when it lies in localised 
states between Landau levels. Insulating behaviour (or 
more generally a metal- insulator transition) co-incides 
with the overlap of degenerate Landau levels overlap at 
the Fermi energy. It is suggested therefore that the insu- 
lating behaviour could well be a direct consequence some 
form of domain structure or other kind of spin texture 
induced by a strong exchange interaction in degenerate 
Landau levels. 
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FIG. 1: A composite figure showing Shubnikov-dc Haas data for the sample described in the text. The IP appears around 
5 tesla. Below 4.3 tesla data is shown for six temperatures between 60 and 350mK: note the fixed points indicating IQHE 
transitions. Above 4.3 tesla pxy data is shown at temperatures of 120 and 350mK for normal and reversed magnetic fields 
(dashed) and for the average of these (solid). The inset shows pxx, at lOOmK, determined from a 2-terminal measurement. 




FIG. 2: Shubnikov-de Haas oscillations from two p-SiGe samples with densities of approximately 1.2xl0^^m~^. (a) pxx, 
determined using a 2-terminal measurement, for temperatures of 75, 120, 220, 400, 600 and 900mK. (b) Values of pxx at 0.36 
and 1.20K and pxy (averages for normal and reversed magnetic fields) at 0.27, 0.36 ,0.45, 0.65, 0.90 and 1.20K. 
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FIG. 3: Alignment of the three lowest Landau levels for sample parameters appropriate to the data shown in figure 1. (a) At 
v=2, using the bare value, g/iBB, for the spin splitting, (b) At v = 2 with exchange enhanced spin splitting according to eqn. 
2. (c) At v = 3/2 with a screened exchange term. 
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FIG. 4: Landau level spacing and total (Hartrco-Fock) energy as a function of partial filling factor nj. Dashed lines correspond 
to eqns. 2 and 3, solid lines to the requirement that the sum of the partial filling factors must equal v. (a) at filling factor v = 
2, with and without screening. Circles show the three possible solutions when screening is included, (b) at filling factor 1.5, in 
this case only one solution is allowed. 
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FIG. 5: Calculated Landau level separation as a function of filling factor. Dashed curve shows the bare value ie HlOc — gfiaB. 
For comparison the width of a Landau level (full- width at half maximum) is 0.74meV at i/=2 and varies as B^^^. 



